In the foregoing paper methods have been described for studying the adsorption of hydrogen on tungsten. Similar experiments have been carried out with oxygen. It is known from thermionic work that oxygen forms an adsorbed film on tungsten which is stable up to nearly 2000° K.
Some Properties of Adsorbed Films of Oxygen on Tungsten
By J. K . R oberts, Laboratory of Colloid Science, Cambridge {Communicated by E. K. Rideal, F.R.S.-Received June 5-Revised July 17, 1935) In the foregoing paper methods have been described for studying the adsorption of hydrogen on tungsten. Similar experiments have been carried out with oxygen. It is known from thermionic work that oxygen forms an adsorbed film on tungsten which is stable up to nearly 2000° K.
The present experiments show that on top of this a second film is formed which is quite stable at ordinary temperatures. The properties of both films have been investigated.
1-A ccommodation Coefficient of N eon
We shall first consider the results obtained, using the accommodation coefficient of neon as an indicator. The experiment was carried out in the same way as with hydrogen except that the oxygen (prepared by heating potassium permanganate) was introduced into the stream of neon at such a place that it did not have to pass through a charcoal tube before reaching the tube containing the wire. It was rapidly removed from the neon by the charcoal, and several admissions* were necessary before the accommodation coefficient reached the saturation value.
The results for two experiments at about 30° C are shown in fig. 1 in which a, the accommodation coefficient of neon, is plotted against time, each admission of oxygen being shown by an arrow. The zero of time is the time at which the initial flashing current was cut off. The time scale is the same for both experiments, but each has its own scale of a. It should be mentioned that small changes in the accommodation coefficient under given conditions (current, gas pressure, roughness of surface) can be detected with certainty, even when they are considerably less than the uncertainty in the absolute value. It will be seen that in each experi ment a appears to approach a limiting value. This indicates saturation of the oxygen adsorbed film.
* Each admission would have been sufficient in the absence of the charcoal to produce a pressure of about 5 X 10 1 mm of mercury in the whole apparatus of volume about three litres.
When this stage was reached the wire was heated for one minute by passing a current it hrough it, and after the current was cut off and temperature had settled down again the accommodation coefficient was again measured. The results of this experiment are shown in fig. lb , in which the accommodation coefficient is plotted as a function of the maximum temperature to which the filament was raised* by the current 
Time
Temp.°K f * This maximum (central) temperature was obtained as follows. The mean tempera ture of the filament was measured by measuring the resistance while the heating current i was passing. A rough estimate of the difference between the measured mean temperature and the central temperature was obtained, using the data given by Langmuir, MacLane, and Blodgett (' Phys. Rev.,' vol. 35, p. 478 (1930) ) for tungsten filaments in vacuo. The difference varied from about 10° at 350° K to about 50° at 1050° K. At the low pressure of neon used (about 0 07 mm mercury) these figures certainly give the order of the correction.
i. The results in experiment II indicate an oxygen film which becomes unstable for times of the order of 1 minute at about 330° K. There are not enough low-temperature points in experiment I to fix this temperature, but it is included because there are more high-temperature points. These indicate another film which is stable up to 1300° K and probably higher. This latter film can be identified with the oxygen film which has been studied, using thermionic methods,* which is stable up to nearly 2000° K. The other film is new.f After it had been removed so that the accom modation coefficient had fallen to 0-24, it could be replaced by again admitting oxygen. This is shown in fig. lc . In fig. Id the removal of this film by heating again is shown, the temperature indicated for insta bility this time being 380° K. We take the mean of the two temperatures 355° K as the temperature at which the second film becomes unstable for times of the order of 1 minute.
2-H eat of A d so r ptio n a n d A m o u n t A dsorbed
The properties o f both oxygen films have been studied, using the technique described for hydrogen. The numerical results obtained will be summarized in this section. There are certain technical difficulties in working with oxygen due to ( a) diffusion o f o ( b) a slow take-up of oxygen probably on the glass at liquid air tempera ture or on mercury surfaces. These make the results less precise than those for hydrogen. O f these (b) was the more troublesome as (a) really only introduced slight difficulties of interpretation. The effect o f ( ) was that the deflection of the Pirani gauge was always less on evacuation than on admission and, further, the deflection on admission after the wire was saturated could not be obtained so definitely as with hydrogen. (a) in itself is very interesting and will be investigated in detail with apparatus designed for the purpose. It is discussed very briefly in considering the results given in Table I .
Before discussing Table I it will be convenient to give a short sum mary of quantities which have been measured and results obtained, as this will serve to indicate the scope of the experiments.
The amount of oxygen adsorbed in the first film shows that there is approximately one atom per atom of tungsten in the surface.
The heat of adsorption for the first film has been determined, and is in reasonable agreement with that deduced from Langmuir and Villars's study of the evaporation of oxygen from tungsten. The amount adsorbed in the second film has been determined with sufficient accuracy to make it possible to draw deductions concerning its nature.
The temperature at which this second film becomes unstable is known from the results given in § 1 and this, together with an approximate measurement of the heat of adsorption, shows that the oxygen is adsorbed as molecules.
As with hydrogen, the evidence as to the type or types o f adsorption comes from both the heat o f adsorption and the num ber o f molecules adsorbed. Before analysing these two quantities in detail we shall consider the whole results in a general way and deduce from them and collect together the numerical values required for the subsequent dis cussion.
In the first place it will be seen that for the first two admissions in each experiment the heat of adsorption remains practically constant and high. Thus all or practically all these molecules m ust go into the first film. W ith the third admission in each case saturation is reached and the heat o f adsorption is considerably lower. Now, when the residual oxygen is pumped out and another, lot 4, is admitted, further adsorption takes place with a lower heat of ad sorption; therefore, presumably, the adsorption is in the second layer. Similarly adsorption occurs at admission 5 and in the case of experiment III at admission 6, the criterion o f adsorption being the occurrence of an appreciable if not accurately measurable heating effect. A fter this no further adsorption takes place. This shows that the adsorption observed in 4 and 5 is not due to evaporation during evacuation of some o f the molecules in the second film ; for, if it were, the effect would persist indefinitely. It must therefore be due to the production of spaces in the second layer by some process of diffusion of oxygen, the place to which it diffuses becoming saturated. The nature of this diffusion will be considered later.
Admission 4 gives a measure o f the heat of adsorption in the second film. Using this and the heat of adsorption in the first film given by admission 2, it is possible to estimate in each experiment from the measured heat in 3 w hat proportion of the molecules adsorbed in 3 goes to the first and what to the second film. Thus the total numbers of molecules adsorbed in the first and second films up to saturation (i.e., after admission 3) can be estimated and are given* in columns 2 and 3 o f Table II , the ratio of the numbers being given in the fourth column.
Another measure of the heat of adsorption and num ber o f molecules in the second film is given by the admission 8 or 9 after the second film had been removed by heating the wire. The heats obtained in this way, 51, 45, and 43 kilocalories, are in reasonable agreement with those of 36, * It should be mentioned that the adsorption in 4 of experiment I is greater than the number of molecules in the second film, but it may include some diffusion. 50, and 65 given by admission 4. The mean of them all is 48 kilocalories per mol 0 2 with an R.M.S. deviation of ± 10. It should be mentioned that the uncertainty in the total amount of gas admitted mentioned before affects the accuracy of these six determinations, where the amount of residual gas is considerable, much more seriously than it does that of the first three admissions where all or nearly all the gas admitted is adsorbed. The ratio of the number of molecules adsorbed in admissions 8 or 9 from Table I to the number in the first layer is given in the last column of Table II 
The number of oxygen molecules adsorbed in the first film (  Table  II) is almost the same as the number of hydrogen molecules adsorbed on the same surface (p. 453), so that there is one atom of oxygen for each atom of tungsten in the surface. It has always been assumed that this stable oxygen film is an atomic film, and there is a fairly strong indication in the phenomenon described later in another paper* that this is so.
The direct measurement of the heat of adsorption is consistent with this view. Taking the mean of the six values (126, 130, 134, 112, 145, 155) given in Table I for the first two admissions, we obtain 134 kilocalories per mol 0 2. The numerical test described in § 5 showed that in the first two admissions about 5% of the total molecules adsorbed go into the second film. Taking 48 kilocalaries per mol O a as the heat of ad sorption in this film, we have, if y is the heat of adsorption in the first film, 0-95y + 0 05 x 48 = 134.
Thus the heat of adsorption in the first film is 139 kilocalaries per mol 0 2. For reasons already given, these experiments are not sufficiently accurate to determine the variation of heat of adsorption as the surface becomes progressively more covered, and this is the mean value from 0 = 0 to 6 = 1.
The heat of dissociation of oxygen is 117 kilocalories* per mol 0 2. The mean heat required to remove an atom from the surface would therefore, according to the measurement o f the heat of adsorption, be 128 kilocalories per gram-atom. Langm uir and Villars, from a study of the rate of evaporation, obtain 162 kilocalories per gram atom for the heat of desorption. This refers to a surface which is very sparsely covered, and Langmuir states that the rate of evaporation shows th at the heat of de sorption decreases progressively and considerably as the surface becomes covered. Thus the mean value would be considerably below 165 and would probably be fairly close to 128, the present directly determined value.
It must be mentioned that in this particular case the heat measurements would be equally consistent with the view that the oxygen is adsorbed and evaporates as molecules. The results given in fig. 1 show that the second oxygen film becomes unstable for times of the order of 1 minute at about 360° K. Fig. 2 shows that for a heat of desorption ju st under 30 kilocalories per mol log ti is of the order 2 in this tem perature range. Thus, according to the evaporation formula, the heat of desorption o f the second film is around 30 kilocalories per mol. This is in reasonable agreement with the directly measured value of 48, as an uncertainty o f 30% in the measured heat would account for the difference, and an error o f this order in the absolute value is possible.
If, on the other hand, the film were atomic, the heat of desorption would certainly be above 60 kilocalories per gram atom and, using the measured heat of adsorption, would be 82 kilocalories. Such a film would be * Hinshelwood and Williamson, " Reaction between Hydrogen and Oxygen," p. 26 (Oxford, 1934) .
t See p. 460. stable up to much higher temperatures. We conclude, therefore, that the oxygen in the second film is adsorbed as molecules. The high heat of adsorption indicates that the binding to the surface is chemical in type. 5-T he N umber of M olecules in a n d N a tu re of th e Second F il m . Structure of th e F irst F ilm
We have seen that the number of oxygen atoms in the first film would correspond to an atomic film of the same spacing as that of tungsten. When account is taken of the second film being molecular, the am ount of oxygen in it is surprisingly small for the following reasons. The distance between the atoms in the oxygen molecule is 2 x 10"8 cm, which is less than the distance between the oxygen atoms in the first film. If, then, a second film is formed at all, general considerations would make it seem very likely that the spacing in it would bear some simple relation to that in the first film and very unlikely that the ratio of the two spacings would be greater than two. That is to say, in the second film there would be one-quarter or more the number of particles or, since it is molecular and the first film atomic, one-half the number of atoms. The number found is less than one-quarter {see Table II , column 4) and, as is pointed out in a footnote later in this section, this is probably a slight over-estimate. The explanation of this is, in fact, very simple and is an illustration of an im portant and inherently necessary property of any film which, like the first oxygen film, is formed by the adsorption on neighbouring solid atoms of the two atoms of diatomic gas molecules and in which the adsorbed atoms are immobile and stable. Such a film is necessarily imperfect and incomplete, having gaps or holes in it.
For the sake of definiteness, let us consider adsorption on a plane in which each surface atom is surrounded by four equally spaced other atoms. As the film is gradually built up, certain single surface atoms will find themselves surrounded by four filled places. Such atoms will be able to take no part in the adsorption process and will remain bare. The com plete film thus of necessity has a sort of irregular mosaic structure.
To find what proportion of the surface atoms remain bare an experi mental test has been carried out in which neighbouring pairs of points
on a diagram of a (110) plane of tungsten have been selected at random* and occupied. The result is shown in fig. 3 , in which the occupied places are shown by small circles and the spaces that remain bare are shown * The method used was as follows. Each point may be represented by two numbers (oblique co-ordinates). Cards numbered 1 to 20 were used. The position of one atom in the impinging molecule was fixed by picking a card, replacing it and shuffling, and then picking another. The position of the second atom was found by choosing in a similar way a number (1 to 4), giving its orientation relative to the first. If both spaces were occupied the molecule was taken to be " reflected," but if either space was unoccupied the atom striking it was assumed to stick and the other to rotate about it in a clockwise direction till it found an empty neighbouring space. In view of what will be said later about the adsorption of molecular oxygen, this seemed to be the most satisfactory procedure. In this way a block of 400 places was filled up and a number of places in the next peripheral line outside these. In order to exclude disturbing effects due to boundary only the middle 196 places have been included in fig. 3 , that is three complete peripheral lines have been neglected. The inclusion of two of these would not have affected the numerical result. dark. O ut of the total 196 places 16 are unoccupied, th at is 8-2% of the whole, while o f the 100 central places 8 are unoccupied. We may therefore take it th at about 8% o f the total num ber o f surface atoms remain bare.
In order to test whether the particular assum ption about the atom ic arrangem ent is of im portance, a similar test was carried out on a hexagonal arrangem ent, so that there could be six possible places for the second atom o f a molecule to occupy. The num erical result was identical, 8 gaps in the central 100 places and 16 gaps in the central 196 places.
These uncovered tungsten atom s will undoubtedly exert a much greater attraction on impinging oxygen molecules than the other parts o f the surface, and it seems certain that the second film m ust consist o f oxygen molecules adsorbed above them. In other words, for the adsorption of oxygen molecules these will be active parts o f the surface.* Thus for 92 atoms in the first film we should expect to find 8 molecules or 16 atom s in the second film, that is the ratio o f the num ber o f atom s in the second and first films would be 0-17. The difference between this and 0-23, the mean of the experimental values given in column 4 o f Table II , is only 25% o f the latter.! The agreement m ust be regarded as very significant experimental evidence as to the correctness of the present view concerning the structure of the first oxygen film. This view arises in an entirely natural and unforced way when the process o f building up the film is considered in detail.
Other types of film will have similar gaps. F o r example, an immobile film formed without dissociation from a gas if the spacing o f the adsorbed particles is double that of the underlying solid atoms.
6-A ccom m odation C o efficien t o f O x y g en -C overed Surface
We must now consider in the light o f these results the numerical values for the accommodation coefficients of the oxygen-covered surface. Fig. 1 shows that the removal of the second film changes the accommodation coefficient of neon from about 0-36 to 0-24. W ith a bare surface it is 0 08. Let a1 be the accommodation coefficient o f neon atoms which strike adsorbed oxygen atoms and a a that of those which strike the adsorbed oxygen molecules. Assuming that the resultant accommodation co efficient is obtained by simple proportion, we have, since in the first film 8% of the total number of places are gaps, so that so that 0-08 X 0-08 + 0-92 Xfl! = 0-24, ax = 0 • 25; 0-08 X a 2 + 0-92 x 0-25 = 0-36, a 2 = 1-5, which is impossible, since the accom m odation coefficient cannot be greater than unity.
In making this calculation we have effectively assumed that, if in fig. 4 the adsorbed molecule is represented by the two crosses and the surrounding adsorbed atoms by the circles, the effect of the molecule only covers the shaded region. Actually this is not so, and all neon atom s colliding with the surface inside the hexa gon will be affected more or less by the presence of the molecule. The total area of the hexagon is three times th at o f the shaded portion. We shall assume that for neon atoms striking the shaded portion the accommodation coefficient is < 2 2, and as a rough approxim ation that for those striking the rest of the hexagon it is on the average (o2 + «i)/'2. Similar considerations will apply when the place occupied by the molecule is bare. In this latter case we have, remembering that the accom m odation coefficient o f a bare surface is 0-08, 0-08 X 0-08 + 0-16(0! + 0-08)/2 + 0-76 = 0-24, so that «! = 0-27.
When the spaces are occupied by molecules, 0-08 x o2 + 0-16 (o2 + 0 -2 1 ) 1 2 + 0-76 x 0-27 = 0-36, from which a 2 = 0-7.
It may be supposed that the increased power of an adsorbed molecule over an atom in communicating energy to or taking it from an impinging gas atom is due in part to its being able to rotate.
The theory of energy interchange between gas atoms and solids* shows that the value of the accommodation coefficient depends on the balance between a number of factors, the masses of the gas and solid atoms, the characteristic frequency of the solid, the law of force, both attractive and repulsive, between the gas and solid atoms. It is unwise to stress too much, as is sometimes done, the importance of any one of these; for example, the existence of unsaturated surface forces. In the present case the surface covered with oxygen has a much higher accom modation coefficient than the bare unsaturated surface of tungsten.
7-N otes on the D iffusion of O xygen into T ungsten
The detailed nature of the diffusion process which causes the adsorption shown in Table 1 subsequent to initial saturation will be elucidated only when the new apparatus already mentioned has made it possible to study it fully. Certain deductions can, however, be made from the results given.
The first question is whether the diffusion takes place from the first or the second film. If it took place from the first film, atoms from this would pass into the solid and leave single gaps where, on subsequent admission of oxygen, molecules would be adsorbed. The total number of molecules in the second film would be considerably increased by this process. All these molecules would be removed by heating the wire before admissions 8 or 9 in Table I , and it would be expected that the adsorption of gas in these admissions would be considerably in excess of the initial number of molecules in the second film. The figures in the last two columns of Table II show that this is not what happens and that, in fact, the numbers in the last column are appreciably less than those in the fourth column.f It must therefore be supposed that the diffusion takes place from the second film. The gaps in the first film thus have a further significance in that they must be regarded as the points at which the attack on the metal lattice by oxygen first takes place. The actual number of molecules which penetrate at this first stage is not yet known, but the process is a comparatively rapid one and then saturation is reached, or, what is more likely, the turther process of penetration is much slower so that saturation appears to be reached. There is no diffusion after admissions 8 or 9.
This suggests that the atoms which have diffused are not seriously affected by heating to 1000° K, so that they are tightly bound to the lattice and do not evaporate and also the further process of diffusion remains slow at this temperature. It will be interesting with the new apparatus to find the temperature at which they are affected. The stability would appear to suggest that the oxygen is bound in the atomic form, presumably to the layer or layers of tungsten atoms below the surface layer.*
Summary
The methods described in the foregoing paper have been used to study the adsorption of oxygen on tungsten. The heat of adsorption and amount of oxygen in the well-known stable film have been measured. A second molecular film has been found and studied in a similar way.
The process of building up an immobile film by the adsorption of the two atoms of a diatomic molecule on neighbouring solid atoms is con sidered in detail and it is shown that such a film necessarily has gaps in * This reasoning could, but would not necessarily, be invalidated if the first film became mobile at 1050° K, the temperature at which the second film is removed (Becker, ' Phys. Rev.,' vol. 34, p. 1333 (1929 , has shown that it is mobile at 1400° K). Let us consider the experiment in detail. The wire is raised to 1050° K for 1 minute and the molecules are removed, leaving gaps in the atomic film. If this film is mobile at this temperature, the gaps will of course move about, and at times two gaps will come to occupy neighbouring places. If this occurs an appreciable number of times during the first few seconds of heating (i.e., before the gas evaporated has been completely removed by the pumps), these gaps will have an opportunity of becoming filled; so that when, after the wire has cooled down, more gas is admitted (admissions 8 or 9) the amount adsorbed into the second film will be less than the number of molecules in this film before evaporation. If, as has been postulated in this section, diffusion is from the second film, a simple kinetic calculation shows that this mobility would not affect appreciably the adsorption in admissions 8 or 9-account must be taken of the fact that the gaps in the first film repel each other. Thus the agreement between the observed adsorption in 8 or 9 and the initial of gaps in the atomic film would still be favourable to the view that all the diffusion takes place from the second film. On the other hand, if the diffusion takes place from the atomic film, we have already noticed that the number of gaps produced when the second film evaporates would be considerably greater than the initial number. In this case the kinetic calculation becomes complicated; but it is obvious from what has been said that the mobility of the first film would leave a possible loophole for explaining the small adsorption observed in admissions 8 or 9. The agreement between the amount of this adsorption and the initial number of gaps would have to be regarded as a coincidence. No doubt the detailed quantitative study will make a definite decision possible. The reservation contained in this footnote does not, of course, affect in any way what has been said in § 5.
it. The number of these gaps has been obtained by an experimental numerical test, and it has been shown that the amount of oxygen in the second molecular film would correspond to adsorption on the gaps in the first film. Other properties of these gaps are discussed, including their possible role in the diffusion of oxygen into tungsten, which has been observed in the experiments.
The accommodation coefficients of neon striking the atomic and the molecular film are deduced. The methods described in the two foregoing papers have been applied to the study of the adsorption of oxygen on a hydrogen-covered surface and of the behaviour of hydrogen when the surface has previously been covered, or nearly covered, with oxygen.
Composite Films of Oxygen and Hydrogen on Tungsten

1-T he A dsorption of O xygen on a H ydrogen-C overed Surface
Using the accommodation coefficient of neon as an indicator, it has been shown that oxygen can be adsorbed at room temperature on a tungsten surface already covered with hydrogen. The bare tungsten surface was first covered with hydrogen so that the accommodation coefficient rose to 0-16. Oxygen was then introduced and after several admissions the accommodation coefficient rose to 0 -36.
This adsorption was investigated, using the apparatus for measuring heats of adsorption. The bare wire was completely covered with hydro gen. A charge of oxygen of 1-2 x 1014 moles was then admitted ( Table I of the previous paper). The deflection of the Paschen galvano meter showed that an amount of heat was developed in the wire of the same order as in admission 1, experiments I, II, and III in this table. At the same time the Pirani gauge showed a large deflection, in some cases slightly larger than would correspond to the total amount of oxygen in v ol. c l ii.-A.
